The toxicity of metallic nanoparticles is a growing concern due to its application in industries and homes. We investigated the toxicity of cerium oxide nanoparticles (CeO 2 NPs) on reproductive system in male balb/c mice. Twenty mice were divided into four groups of five animals each and treated thus: normal saline (control), 100, 200 and 300 μg/kg CeO 2 NPs (i.p.,) thrice in a week for five consecutive weeks. Results showed that CeO 2 NPs significantly reduced the levels of haemoglobin, PCV and RBC count relative to controls. In addition, luteinising and follicle-stimulating hormones (FSH and LH) and prolactin were significantly reduced in the mice. Specifically, CeO 2 NPs at 100 μg/kg decreased testosterone by 23%, while CeO 2 NPs at 200 μg/kg decreased FSH, LH and prolactin by 25%, 26% and 13%, respectively. Testicular malondialdehyde was increased by 103%, 106% and 135% in mice treated with 100, 200 and 300 μg/kg CeO 2 NPs, respectively. CeO 2 NPs caused a significant reduction in activities of antioxidant enzymes and levels of reduced glutathione and total nitric oxide. Moreso, CeO 2 NPs decreased sperm motility and count and increased total sperm abnormality in mice. Histology revealed congestion and degeneration of seminiferous tubules. Overall, CeO 2 NPs induces testicular dysfunction via disruption of antioxidant/oxidant balance and endocrine suppression.
| INTRODUCTION
The nanotechnology revolution brings with it a host of impending health issues due to exposure to these chemically engineered materials. The subsequent discharge of nano-based materials into the atmosphere has led to increased particulate matter in air which has resulted into various forms of cardiorespiratory diseases and a number of morbidity and mortality (Cosselman et al., 2012; Ristovski et al., 2012) . For example, diesel exhaust engine emits nanosize particles that can enter and penetrate deep into the lungs, and eventually into the main circulation where it can negatively impart metabolism (Ghio, Sobus, Pleil, & Madden, 2012 ), unlike most of rare earth metals where they exist as trivalent ion (Dahle & Arai, 2015) . The two oxidation states of CeO 2 NPs conferred on it the antioxidant property and, such catalytic antioxidant activities of CeO 2 NPs are dynamic and sensitive to synthetic procedures, physicochemical properties and chemical environment (Nelson, Johnson, Walker, Riley, & Sims, 2016) .
CeO 2 NPs have been found to be useful in a variety of applications, including its use as a polishing agent (Reed et al., 2014) , solar cells and fuel catalysts (Minarchick et al., 2013) . Besides the industrial applications, various biomedical applications of CeO 2 NPs such as protection against radiation-induced damage, retinal neurodegeneration, anti-inflammatory and antioxidant activities have been explored (Tarnuzzer, Colon, Patil, & Seal, 2005) . The potential benefits and the risks associated with the application of CeO 2 NPs have been widely reported in lung epithelial cell line, and in vivo in lungs of rat model.
For example, following inhalation studies in mice, Aalapati, Ganapathy, Manapuram, Anumolu, and Prakya (2014) showed that CeO 2 NPsinduced oxidative stress and pulmonary inflammation led to pulmonary and extra-pulmonary toxicity. Similarly, Demokritou et al. (2013) using an inhalation experiment confirmed pulmonary toxicity of CeO 2 NPs evidenced by lung injury and inflammation in animals.
Importantly, most studies on CeO 2 NPs centred on lung toxicity either in vitro or in vivo. Therefore, there is a dearth of information on the toxicity of this particle on male reproductive system. This study was designed to evaluate the testicular toxicity of CeO 2 NPs in balb/c mice by assessing the levels of reproductive hormones, oxidative stress and sperm characteristics of treated animals.
| MATERIALS AND METHODS

| Chemicals
Trichloroacetic acid (TCA) and thiobarbituric acid (TBA) were purchased from British Drug House (BDH), Poole, UK. Glutathione, hydrogen peroxide, 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB) and epinephrine were purchased from Sigma Chemical Co., Saint Louis, MO, USA. Other chemicals were of analytical grade and purest quality available.
| Nanoparticle
Cerium oxide nanoparticle (CeO 2 NPs) was obtained from Greg Goss Research Group, Department of Biological Sciences, Faculty of Science, University of Alberta, Edmonton, Canada. This is a small (less than 10 nm) negatively charged metal oxide that was functionalised with a poly(acrylic acid) (PAA) polymer coating. The functionalisation makes this particle highly dispersible and stable in suspension. The properties of the nanoparticle in solution are well characterised and have been reported previously (Felix, Ortega, Ede, & Goss, 2013) . 
| Animals
| Study design
Twenty adult balb/c mice were assigned into four groups of five animals each. The first group served as control and was given normal saline, while the second, third and fourth groups were administered 100, 200 and 300 μg/kg body weight of CeO 2 NPs via intraperitoneal route. The route and dosage are according to the studies of Hirst et al. (2013) and Minarchick et al. (2013) . The nanoparticle was administered thrice in a week for five consecutive weeks to cover the 35-day spermatogenic cycle of mice (Lester, 2007) .
| Preparation of tissues
After the last dose of CeO 2 NPs, mice were fasted overnight and sacrificed under light ether anaesthesia. Testis and epididymis were carefully excised and washed in ice-cold 1.15% KCl, blotted and weighed.
The testes were fixed in Bouin's solution for histopathological examination, while the remaining testes were homogenised in four volumes of 50 mM phosphate buffer (pH 7.4) and centrifuged at 10,000 g for 15 min to obtain post-mitochondrial fraction, which was used for biochemical analysis.
| Preparation of serum
Mice were sacrificed after 24 hr of administering the last dose, and blood (1.4 ml) was collected via retro-orbital bleeding into plain sample bottles (without anticoagulant), allowed to clot and then centrifuged at 3,000 g for 15 min to obtain clear supernatant (serum), which was used for the estimation of liver and kidney function markers, and level of reproductive hormones. Also, few drops of blood were collected into vacuum EDTA bottles and used for the estimation of haematological parameters.
| Biochemical assays
| Protein determination
Serum and tissue protein levels of mice from control and test groups were determined by the method of Lowry, Rosebrough, Farr, and Randall (1951) using bovine serum albumin as standard.
| Alanine and aspartate aminotransferases determination
Serum alanine and aspartate aminotransferases (ALT and AST) activities were determined using a combination of the methods of Mohun and Cook (1957) and Reitman and Frankel (1957) .
| Creatinine determination
Serum creatinine level was estimated by the method of Jaffe (1886).
| Assay of superoxide dismutase (SOD) activity
Activity of SOD was determined according to the method described by McCord and Fridovich (1969 
| Assay of catalase activity
Catalase activity was determined by the method of Aebi (1974) . The mixture of 20 μl of phosphate buffer (50 mM, pH 7.0), 10 μl of 19 mM of H 2 O 2 and 50 μl of sample was allowed to run for 3 min at 30 s intervals. Next, the reaction was terminated by the addition of 20 μl of dichromate/acetic acid solution, followed by heating for 10 min in a boiling water bath. The solution was cooled at room temperature, and decrease in absorbance was measured in a spectrophotometer at 570 nm. Catalase activity was expressed as Units/mg protein.
| Glutathione-s-transferase (GST) activity
GST activity was determined by the method of Habig, Pabst, and Jakoby (1974) using CDNB as a substrate. The reaction mixture contained 1.7 ml of 100 mmol/L of phosphate buffer (pH 6.5) and 10 μl of 30 mmol/L of CDNB. After pre-incubating the reaction mixture at 37°C for 5 min, the reaction was started by the addition of 20 μl of samples, and absorbance was followed for 5 min at 340 nm. Reaction mixture without the enzyme served as a blank. Specific activity of GST was expressed as micromoles of GSH/CDNB conjugate formed per min per mg protein using an extinction coefficient of 9.61 mmol
| Assay of glutathione peroxidase (GPx) activity
GPx activity was determined by the method of Rotruck et al. (1973) . The reaction mixture contained 500 μl of sodium phosphate buffer, 100 μl of 10.0 mM of sodium azide, 200 μl of 4.0 mM of reduced glutathione (GSH), 100 μl of 2.5 mM of H 2 O 2 and 50 μl of the sample. This was made up to 2.0 ml with distilled water and incubated for 3 min at 37°C. The action was terminated by the addition of 0.5 ml of 10% TCA and centrifuged.
The supernatant obtained was used for the determination of residual GSH content by the addition of 1.0 ml of disodium hydrogen phosphate (0.3 M) solution and 0.25 ml of 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB) reagent. The absorbance was measured in a spectrophotometer at 412 nm, and GPx activity was expressed as micromoles/mg protein.
| Reduced glutathione (GSH)
GSH was determined according to Moron, Depierre, and Mannervick (1979) . Briefly, an aliquot of testicular PMF was deproteinised by the addition of an equal volume of 4% sulfosalicylic acid, and the resulting solution was centrifuged at 10,000 g for 15 min at 4°C. Supernatant (500 μl) was then added to 50 μl of DTNB. GSH level was proportional to absorbance at 412 nm. Values are expressed in micromoles/g tissue.
| Lipid peroxidation (LPO) assay
LPO was determined based on malondialdehyde (MDA) produced after exposure of mice to CeO 2 NPs using the method of Buege and Aust (1978) . In brief, 0.4 ml of the sample was mixed with 1.6 ml of Tris-KCl buffer containing 0.5 ml of 30% trichloroacetic acid (TCA).
Subsequently, 0.5 ml of 0.75% thiobarbituric acid (TBA) was added to each tube in a boiling water bath (80°C) for 45 min, cooled in ice and centrifuged at 3,000 g. 
| Evaluation of epididymal sperm count
The epididymal sperm count of the mice was obtained according to the method described in the manual of WHO (1999) . Briefly, the sperm was luted sperm were placed on the hemocytometer, allowed to sediment by standing for 5 min in a humid chamber before they were counted using the improved Neubauer chamber with a light microscope.
| Sperm motility assay
The assessment of sperm progressive motility of the mice was performed according to the method of Zemjanis (1970) . Briefly, the cauda epididymis was incised with surgical blades and the sperm released onto a sterile clean glass slide. Subsequently, 2.9% (w/v) sodium citrate dehydrate solution which had been pre-warmed to 37°C was added to the sperm, mixed carefully and covered with a 24 × 24 mm coverslip. The sperm motility was assessed by visualising a minimum of 10 microscopic fields under a phase contrast microscope. Sperm motility was obtained by counting the number of all progressive sperm, followed by the nonprogressive and then the immotile sperm in the same field. The data were expressed as percentage of sperm progressive motility.
| Sperm viability and morphological analysis
Sperm viability was determined according to established method of Wells and Awa (1970) . Briefly, a portion of the sperm suspension placed on a glass slide was smeared out with another slide and stained with 1% (w/v) eosin and 5% (w/v) nigrosine in 3% (w/v) sodium citrate dehydrate solution. Sperm morphological abnormalities assay was performed by staining the sperm cells with a reagent containing 0.2 g eosin and 0.6 g fast green dissolved in distilled water and ethanol in a ratio of 2:1. A total of 400 sperm cells per mouse were counted during morphological examination.
| Determination of nitrite (nitric oxide) level
As NO rapidly recombines into its stable oxidative metabolites (NO 3 − and NO 2 − ) in aqueous solution (Palmer, Ferrige, & Moncada, 1987) , 
| Determination of myeloperoxidase (MPO) Activity
Myeloperoxidase (MPO) activity, an indicator of polymorphonuclear leucocyte accumulation, was determined by the modified method of Trush, Egner, and Kensler (1994) . MPO activity was measured spectrophotometrically using O-dianisidine and hydrogen peroxide. In the presence of H 2 O 2 as an oxidising agent, MPO catalyses the oxidation of O-dianisidine yielding a brown-coloured product, with an absorbance at 470 nm.
| Determination of sialic acid content
Sialic acid was estimated by the method of Aminoff (1961) . Briefly, the testes homogenate (500 μl) was treated with 250 μl of periodate reagent and incubated at 37°C in a water bath for 30 min. Then, excess of periodate was reduced by sodium arsenite (2% solution of sodium arsenite in 0.5 N HCl). After 5 min, as soon as yellow colour of liberated T A B L E 3 Effect of cerium oxide nanoparticles on sperm parameters in balb/c mice iodine started fading off, 2 ml thiobarbituric acid (0.1 M solution of 2-thiobarbituric acid in water, pH adjusted to 9.0 with NaOH) was added and the tubes were kept in a boiling water bath for 8 min. The tubes were cooled in ice water and shaken with 5 ml acid butanol mixture (butan-1-ol containing 5% [v/v] 12 N HCI), the separation of two phases was performed by a short rapid centrifugation, and the colour intensity in butanol phase was measured spectrophotometrically at 549 nm.
The sialic acid level was calculated using molar extinction coefficient (70.7 × 10 3 M −1 cm
−1
). It was then expressed as μg per mg protein.
| Hormonal assays
Serum luteinising hormone, testosterone, follicle-stimulating hormone and prolactin were assayed by the enzyme-linked immune-absorbent assay (ELISA) as described by Uotila, Ruoslahti, and Engvali (1981) and Tietz (1995) using serozyme-I-serono (Diagnostics, Freiburg, Germany). The hormones concentrations were obtained by correlating the absorbance of the test samples with the corresponding absorbance on the standard curve.
| Histology of tissue
Testicular samples fixed in Bouin's solution were dehydrated in 95%
ethanol and then cleared in xylene before embedded in paraffin.
Microsections (4 μm) were prepared and stained with haematoxylin and eosin dye and were examined under light microscope by a histopathologist who was ignorant of the treatment groups.
| Statistical analysis
Values were expressed as Mean ± SD of five animals per group. Data were analysed using one-way ANOVA using SPSS (10.0). Values were considered statistically significant at p < .05.
| RESULTS
| Effect of CeO 2 NPs on body weight, testicular weight and haematological parameters of mice
Administration of CeO 2 NPs at a dose of 100 μg/kg resulted in significant increase in weight gain of mice relative to controls. However, there were no significant differences (p > .05) in the testicular organosomatic weight of mice treated with varying doses of CeO 2 NPs when compared to the control. 
| Effect of CeO 2 NPs on hormonal and sperm parameters in mice
Administration of CeO 2 NPs caused significant (p < .05) increase in the level of total sperm abnormality when compared to the control.
The sperm live-to-dead ratio, semen volume and protein were unaffected by the administration of CeO 2 NPs (Table 3) 
| Effect of CeO 2 NPs on the antioxidant status, level of sialic acid, inflammatory markers and histology of testes in mice
In Figure 
| DISCUSSION
Interest in nanoparticle-based products is on the increase due to its usefulness in information technology, homeland security, medicine, transportation, energy, food safety and environmental science, among many others. Therefore, human exposure in industries and at homes to these particles is common and occurs on a daily basis. Reductions in these haematological indices are commonly seen during chronic illness, iron-deficient anaemia or physiologic response to toxicants (Xiao et al., 2016 ). The reduction in haemoglobin level limits oxygen supply to peripheral tissues and thus promotes tissue hypoxia and ultimately affected metabolism in the mice (Takakura et al., 2017) .
We observed that CeO 2 NPs adversely affected hypothalamic-pituitary-gonadal axis resulting in hormonal imbalance and poor sperm quality. The antigonadal action of CeO 2 NPs may be due to its inhibitory effects on some biochemical processes in the testes. It is from the pituitary (Kumar, Kural, Pereira, & Roy, 2008) . The normal production of FSH and LH by the pituitary is required for spermatogenesis by seminiferous tubules (Sriraman, Anbalagan, & Rao, 2005) .
The LH is known to induce Leydig cells to secrete testosterone which regulates spermatogenesis via androgen receptors, while FSH regulates spermatogenesis by stimulating the production of Sertoli's cell factors. In this study, administration of CeO 2 NPs decreased the production of LH and FSH; hence, it may impair the endocrine regulation of spermatogenesis and consequently affects the reproductive function of the testes. The reduction in the level of testosterone observed when CeO 2 NPs was administered at a dose of 100 μg/kg confirms impairment of steroidogenesis, as testosterone plays an important role in the regulation of spermatogenesis (Yoshida et al., 2009 ). In addition, CeO 2 NPs caused a significant decrease in sperm count and motility, and increase in total sperm abnormality in the mice. The observed decline in sperm quality may be due to inadequate hormonal levels. The result of this study is in variance with the findings of Nosenko et al. (2014) who reported that nanocrystalline cerium dioxide at 1 mg/kg per oral for 10 days activated hormone-producing testicular Leydig's cells, secretory and proliferative processes in prostate of rats, while the nanocrystalline cerium dioxide at 100 mg/kg had no significant effect on the assessed indices of morphofunctional state of reproductive system. The differences observed from the two studies may be due to the duration of administration of the nanoparticles.
There are many in vitro and in vivo experimental studies that confirmed nanoparticles (including CeO 2 NPs) as agents that can generate reactive oxygen species (ROS) leading to oxidative stress, and hence causing cell death (Cai et al., 2017; Panda et al., 2017) .
Oxidative stress occurs when there is an imbalance between oxidants/antioxidants defence system, favouring the oxidants, leading to oxidation of biomolecules such as proteins, lipids and DNA (Chan, Tan, Peh, & Wong, 2017) . The damage in turn may result in several events such as cell death, enhanced cell proliferation, genomic or chromosome instability, genetic mutation or tumour development (Arakha, Roy, Nayak, Mallick, & Jha, 2017; Donmez-Altuntas et al., 2017; Feng et al., 2017) . In this study, we monitored malondialdehyde level, a major product of LPO and activities of testicular antioxidant enzymes which include catalase, superoxide dismutase, glutathione peroxidase and glutathione-s-transferase in the treated mice. The result showed that CeO 2 NPs caused a significant increase in testicular LPO and concomitant decrease in antioxidative status of (Devasagayam, Sivabalan, & Tarachand, 1990 ) and regulation of cell proliferation (Choi et al., 2016) . The increase in LPO of CeO 2 NPs-treated mice observed in this study is similar to the findings of Connolly et al. (2016) , in which fish exposed to ZnO nanoparticles experienced biochemical disturbances associated with oxidative stress in the liver. In addition, administration of CeO 2 NPs caused significant depletion of testicular glutathione and rapid loss of activities of enzymes of GSH pathway such as GPx and GST. Reduced glutathione (GSH), a key cellular antioxidant, has been identified as critical factor needed for spermatozoa maturation in aged animals (Kopalli et al., 2015) . Thus, the observed decrease in testicular GSH is an indication of antifertility effect of CeO 2 NPs. Furthermore, GPx and GST activities were significantly reduced in the testes of CeO 2 NPs-treated mice. GPx protects against oxidative damage by reducing hydrogen peroxide to water (Dalto & Matte, 2017) . The combined depletion of GSH, reduction in GPx and GST activities strongly suggest that CeO 2 NPs may adversely affect glutathione metabolic pathway and promote oxidative damage in the testes. Previous studies have shown that CeO 2 NPs induced the production of inflammatory cytokines from isolated alveolar macrophages following intratracheal instillation (Ma et al., 2011) and inhalation (Srinivas, Rao, Selvam, Murthy, & Reddy, 2011) . In the present study, we confirmed that administration of CeO 2 NPs promotes inflammatory reactions evidenced by increase in levels of testicular nitric oxide and activity of myeloperoxidase in the mice. The biochemical data from this study were corroborated by histology of testes, which showed that CeO 2 NPs administration caused changes in cyto-architecture and degeneration of the seminiferous tubules.
In conclusion, exposure of mice to different doses of CeO 2 NPs caused oxidative damage to the testes leading to decrease in sperm quality, endocrine disruption and inflammation.
